This research aims to establish an economical seismic response controlling system of RC frames using corrugated steel shear panels (CSSP), which was originally proposed for building structures by Mo and Perng in 2000. The hybrid system with CSSP has large ductility and possibly decreases to construction cost by large amount. The advantage of using CSSP in described from the design view point. Then, the experimental work on two specimens is introduced to show the excellence of CSSP in resisting the seismic force. A stud-type anchorage was employed in two half-scale specimens to fix CSSP to the surrounding RC frame. The degradation of lateral load carrying capacity after the peak load was small compared to reinforced concrete shear walls (RCW) due to stable manner of yielding and buckling of CSSP. The final failure mode of the hybrid system was the tearing of CSSP and the formation of a collapse mechanism of the surrounding reinforced concrete frame.
Introduction
It is a common practice to use reinforced concrete shear walls (RCW) in reinforced concrete structures to maintain high lateral load carrying capacity and stiffness. However, high lateral stiffness with brittle ultimate failure mode of RCW often increases the required lateral load carrying capacity. In order to improve the ductility of reinforced concrete shear walls, some efforts have been made such as using low yield strength reinforcement and introducing slits but the ductility enhancement was not very prominent. Use of steel shear walls in order to increase ductility has some decades of research history. In 1973, Takahashi et al. [1] studied the characteristics of loaddeflection relations of flat steel shear panels obtained experimentally and reported the effects of configuration, width-thickness ratio, stiffeners' stiffness, etc. on the load-deflection relations. Studies on steel shear walls have been continuing since then [2] [3] . However, flat steel shear panels need stiffeners to prevent plate buckling, leading to the increase of self-weight and cost.
In order to solve these problems, corrugated steel shear panels (CSSP) have been used in bridge structures since late 1980s. They weigh less and decease prestressing loss due to their negligible axial stiffness compared to flat steel shear panels reinforced with stiffeners. In 2000, Mo and Perng [4] reported a use of corrugated steel shear panels as a main lateral load carrying component for building structures. They reported that CSSP are effective to delay buckling of shear panels. However, bolt anchorage fastening CSSP to the surrounding RC frame was not very effective and a large slip took place at the interface resulting in pinched hysteresis loops with small energy dissipation. Their test results provided interesting information on the potential capability of CSSP but CSSP has not been used in practice as a main lateral load carrying component. This paper proposes the use of CSSP as shear walls instead of RCW by introducing the experimental work on RC portal frames with CPPS. The stud-type anchorage of CSSP used in bridge girders was employed to fully utilize the shear capacity and stiffness of CSSP. CSSP has larger buckling strength than the flat shear panel due to its configuration, with negligible flexural and axial stiffness. CSSP dissipates much greater energy after the peak load compared to RCW. If CSSP is employed as a main lateral load carrying component in building structures, it is possible to assign vertical load to columns and shear load to corrugated steel shear panels, resulting in a clear design philosophy. In addition, the ductility after shear yielding or even after buckling is excellent and it is possible to decrease the required lateral load carrying capacity.
Use of corrugated steel shear panels in design
CSSP has many advantages over RCW if it is used as a main lateral load carrying component in building structures as summarized in Table 1 . When an RC frame with CSSP is subjected to lateral force, shear deformation dominates. Hence, CSSP deforms in shear and the whole panel evenly dissipate energy after yielding. Energy is dissipated even after the buckling of the panel. CSSP does not exhibit any noticeable damage until the buckling, which takes place at relatively large deformation. Uniform deformation of CSSP causes uniform stress distribution to the surrounding RC frame and damage does not localize in the RC frame either. Since the shear stiffness and Large ductility of CSSP produces another advantage in design as schematically shown. In Figure 1 , the required shear capacity, Qu, is divided by the elastic design shear force, Qe, for the ordinate. When RCW is incorporated in RC frames, required shear capacity becomes high because of the brittle failure mode of RCW. However, CSSP is incorporated in RC frames, the required shear capacity can be drastically decreased due to its ductility. In the figure, Qu/Qe is required to exceed 0.4 for RC frame with RCW but 0.3 for RC frame with CSSP. The reduced requirement on Qu for RC frame with CSSP decreases the design force on all structural members, leading to large cost saving. Following chapters show experimental works to demonstrate the data supporting interesting features of CSSP explained in this chapter. 
Experiment

Setup
Specimens were made of reinforced concrete portal frame with different anchorage configurations of corrugated steel shear panels. Dimensions of four RC frames are identical as shown in Figure 2 and test variables are shown in Table 2 . Two shear panels had flange at the four side and two vertical stiffeners as shown in Figure 3 . Thickness of flange and stiffeners were 4.5mm. Mechanical properties of materials are listed in Table 3 . t 4 5 = .
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(a) A (Double studs) (b) B (Staggered studs) The number of studs of Specimen A was determined based on the following equation. 
where p is the design tension force, q is the design shear force, a p is the tensile strength when the stud experiences tension only, a q is the shear strength when the stud experiences shear force only. The tensile strength, a p , is the minimum value of 1) tensile strength due to a cone failure of surrounding concrete, 2) tensile strength due to tensile yielding of the stud, and 3) tensile strength due to bearing failure of concrete. The shear strength, a q , is the minimum value of 1) shear strength due to bearing failure of concrete, and 2) shear strength due to shear yielding of the stud. The design tensile force, p , and the design shear force, q , were obtained from elastic FEM analysis. When the shear panel reached the yield strength, the maximum normal stress was 31.5 N/mm 2 and the average shear stress was 160 N/mm 2 at the upper edge of the shear panel, which were substituted in p and q . Using of double studs of 9 φ at 100 mm spacing, the left side of Eq. (1) became 0.99 and the equation was just satisfied. This determined the number of studs at the upper horizontal joint of Specimen A. The other interfaces were similarly computed. The maximum number of studs in four interfaces was taken after all. The number of studs was simply halved in Specimen B. Figure 4 shows the loading system. Constant axial load of 365 kN (Axial load level 0.15) was introduced to each column. Equal magnitude of lateral load was applied to the both ends of the beam by two 1000 kN hydraulic jacks. Two cycles of lateral load was applied at ±150 kN and ±250 kN. Then two cycles of preselected drift was enforced at ±0.1%，±0.2%，±0.4%，±0.6%， ±0.8%，±1.0%，±2.0%，±4.0%. Figure 5 shows the lateral load -drift relations up to R=4.0%. Both specimens showed similarly fat hysteresis loops up to the peak load at which buckling took place. Even after the buckling, the degradation of load carrying capacity was not drastic as RC shear walls failing in shear and reasonable amount of energy was dissipated. Specimen B experienced large degradation of load carrying capacity. The yielding lateral load, the maximum lateral load carrying capacity and the initial stiffness are summarized in Table 4 . The maximum lateral load capacity, Q max , caused by buckling of the shear panel in positive and negative directions are large for Specimen A than Specimen B and reflects the number of studs. However, the yielding lateral load, Q y , was similar for two specimens although Q y of Specimen B is slightly higher. Drift angles at yielding, R y , of Specimen A was smaller. This reflects the number of studs but the initial stiffness does not necessarily reflect the number of studs. Drift angles at the maximum capacity were similar for two specimens. Specimens A and B did not show any brittle failure until R=10%. It can be seen that behavior of the hybrid system is greatly affected by the amount of studs and resulting constraint.
Test results
Lateral load-drift relations
Lateral load carried by shear panel
Lateral load carried by the shear panel is plotted in Figure 6 . The shear force carried by shear panel was computed from three Rosetta strain gages on Line C in Figure 3 assuming the plane stress condition and elastic-perfectly plastic yield condition with von Mises yield criteria. Shear force of the shear panel increased rapidly for Specimen A but with slower rate for Specimen B. As the number of studs increased, the shear panel became stiffer and the buckling initiated earlier. The shear panel carried 60% to 70% of the lateral load from the very beginning of the loading till buckling took place at R=1.0%. The computed contribution was expected to be 64% at the ultimate condition by considering the story shear force at the formation of collapse mechanism of the surrounding RC frame and the shear force of the shear panel at yielding.
Equivalent viscous damping ratio, eq H , is shown in Figure 7 . eq H of specimens increased rapidly from R=0.4% at which the shear panel yielded, and large amount of energy was dissipated even after the buckling. Specimen A had larger eq H than Specimen B until yielding. Even after R=1.0%, a large amount of energy was dissipated in both specimens. 
Conclusions
A study was conducted on how to use corrugated steel shear panels (CSSP) as a main lateral load carrying component in building structures. The experiment on two RC frames reinforced with CSSP is introduced to demonstrate the advantage of CSSP.
• The revised hybrid system with corrugated steel shear panels excellently behaved as a seismic controlling system with large shear stiffness and shear capacity. In addition, the system showed some increase in shear force after yielding until buckling. The behavior after buckling was ductile and degradation in lateral load carrying capacity was about 20% even at R=5%. The behavior was stable if the number of studs satisfied the Japanese design guidelines (Specimen A). However, even specimens with half number of studs (Specimen B) showed the similar behavior although the stiffness and lateral load carrying capacity was lower.
• Lateral load carrying capacity at the peak was greater and the post-peak degradation in lateral load carrying capacity was less for specimens with the larger number of studs.
• CSSP dissipated large amount of energy after yielding and the dissipation continued even after buckling of shear panel.
